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ABSTRACT 

Attempts have been made t o  determine t h e  v e l o c i t y  
f i e l d  i n  t h e  outflow f r o m  a quasi-steady coaxia l  accel- 
erator by th ree  methods: (a) biased double electrostatic 
probes t o  monitor t imes-of-fl ight of c h a r a c t e r i s t i c  por- 
t i o n s  of t h e  exhzust_jpulse; (b) gridded ion energy ana- 
l yze r s ;  and (c) u x B probes. The last has so f a r  yielded 
l i t t l e  coherent information, b u t  t h e  f irst  t w o  agree on 
t h e  following p i c t u r e  of t h e  exhaust ve loc i ty  p r o f i l e :  
The i n i t i a l  b u r s t  of ''snowplowed" plasma i s  followed, a f t e r  
a b r i e f  t r a n s i t i o n  per iod,  by a region of uniform f l o w  of 
dura t ion  corresponding t o  t h e  driving-current pu lse  length,  
and of s u b s t a n t i a l l y  greater ve loc i ty  than t h a t  of the i n i -  
t i a t i o n  burs t .  Hence, t h i s  quasi-steady por t ion  of t he  
exhaust pu lse  tends t o  te lescope  i n t o  t h e  snowplow region 
ahead of it, and t h e  e n t i r e  pu lse  shortens i n  f l i g h t .  

Extension of previous s t u d i e s  on t h e  por t ion  of high- 
cur ren t  discharges near anode sur faces  continue t o  indi-  
cate t h e  d ispropor t iona te ly  l a rge  inf luence of t h i s  region 
on o v e r a l l  discharge c h a r a c t e r i s t i c s ,  such as terminal  
voltage and cur ren t  dens i ty  d i s t r i b u t i o n .  S i m i l a r  s t u d i e s  
near t h e  cathode ind ica t e  t h a t  t he  r e l a t i v e  importance of 
t h i s  region depends s t rongly  on discharge geometry. I n  
quasi-steady discharges,  a "cathode jet" can be i d e n t i f i e d ,  
and t h e  c u r r e n t  flow f ie lds  near it mapped. 

Laser probing o f  t he  quasi-steady f l o w  i n  a p a r a l l e l -  
p l a t e  acce le ra to r  permits estimates of t h e  i o n i c  spec ies  
composition of various por t ions  of t he  flow, and g ives  
s o m e  h i n t  of nonequilibrium e x c i t a t i o n  and population in- 
vers ion i n  c e r t a i n  regimes. 

Progress continues on t h e  design, construct ion,  and 
t e s t i n g  of a 160-kJ capac i tor  l i n e  which w i l l  permit opera- 
t i o n  of various quasi-steady acce le ra to r s  for pulse  times 
t w o  orders  of magnitude g r e a t e r  than previously possible ,  
and which w i l l  a lso provide a mult iple  pulse  capab i l i t y .  
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I. INTRODUCTION 

The last  t h r e e  semi-annual r e p o r t s  564  61,75 have con- 

cen t r a t ed  on t h e  research r e s u l t s  from our  la rger ,  quasi-  
s teady  f a c i l i t i e s ,  somewhat t o  the exclusion of many of 
t h e  smaller-scale supporting experiments, While t h e  for- 
m e r  continue t o  y i e l d  s u b s t a n t i a l  and e x c i t i n g  information, 
it seems appropr ia te  i n  t h i s  r epor t  t o  ca t ch  up a b i t  on 
some of the equal ly  informative work i n  progress  on re- 
lated t o p i c s  covered by t h i s  program. For t h i s  purpose 
w e  s h a l l  first describe as an example of our instrumenta- 
t i o n  development a sequence of s t u d i e s  of various methods 
f o r  determination of ve loc i ty  f i e l d s  i n  plasma streams. 
N e x t  are presented accounts of research on t h e  near-elec- 
t rode  regions of high-current discharges--both a t  t h e  
anode and cathode--and t h e i r  inf luence on t h e  o v e r a l l  d i s -  
charge behavior. Then follows a desc r ip t ion  of a program 
t o  relate various o p t i c a l  p rope r t i e s  of acce le ra t ing  d is -  

charges t o  t h e i r  i n t e r i o r  detai ls ,  with p a r t i c u l a r  refer- 
ence t o  nonequilibrium population d e n s i t i e s  and t h e  impli- 
ca t ions  of t h i s  t o  frozen flow losses, F ina l ly ,  w e  review 
t h e  progress on t h e  cons t ruc t ion  of a 160-kJ capac i tor  
l i n e  which w i l l  power many of our quasi-steady acce le ra to r s  
i n  t h e  fu ture .  
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11. VELOCITY FUELD DET 
IN QUASI-STEADY ACCE 

During t h e  present  period, a jor effort has been 
undertaken t develop serv iceable  devic  for monitoring 
t h e  p a t t e r n s  of plas ve loc i ty  which exis t  i n  t h e  

outflow from quasi-s te  ccelerators. 
f low devices,  such as arcs, t h i s  is  a 

surement t o  achieve w i t  p rec is ion ,  and 
u l a r  case, t h e  t r a n s i e  t u r e  of our  ex- 
s not w o r k  i n  our  favor example, the 

techniques which have margina 13y 
dy f l o w  arcs, are eliminated h e r s  because 
exposure t h e  t o  ob ta in  t h e  desired spectral 

reso lu t ion .  How ver, of  t h e  three electromagnetic tech- 
niques which we have attempted, two now show some promise 

a b i l i t y  for such ve loc i ty  f i e ld  measurements: 

A. Biased Double Electrostatic Probes - Bovle 

The first approach t o  t h e  ve loc i ty  f i e l d  measurement 
involves t h e  app l i ca t ion  09 two sets of  biased double 
probes, or ien ted  t r ansve r se ly  t o  the  flow, and displaced 
a x i a l l y  by a known d i  I n  t h e i r  proper domain of 
operat ion,  such probes conduct an ion s a t u r a t i o n  cur ren t  
propor t iona l  t o  t h e  local ion densi ty ,  and hence respond 
to  amall i n t r i n s i c  f luc tua t ions  i n  t h e  plasma stream. Com- 

par i son  of t imes-of-arrival of these characteristic f luc-  
t u a t i o n s  a t  t h e  t w o  axial pos i t i ons  then  y i e l d s  ion 
st reaming v e l o c i t i e s  . 

nsion. 

Two geometries of probe have been employed. A co- 
axial version, shown i n  Fig. 1, has an ou te r  conductor 
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1.0 c m  i n  diameter and an  inner  electrode 0.1 c m  i n  d i a m -  

eter, both 0.3 c m  i n  axial  width. These are d i r e c t l y  
a t tached  t o  a 50 ohm coaxial cable, v i a  which they  are 
connected t o  t h e  b i a s ing  and measurement c i r c u i t s  shown 
i n  Fig. 2. I n  opera t ion  t h e  probe and i ts  charged capac- 
i t o r  are i s o l a t e d  from t h e  charging c i r c u i t  v i a  a t r i p l e  
pole  switch. An i s o l a t i o n  transformer is  necessary t o  
p ro tec t  t h e  osc i l loscope  from t h e  main discharge.  Fre- 
quency response of t h i s  c i r c u i t  w a s  checked with a square 
wave generator ,  and t h e  transformer terminators  ad jus ted  
f o r  no overshoot,  4 psec rise t i m e ,  and minimum inductance 
droop . 

Although t h i s  coaxial probe configurat ion minimizes 
electromagnetic pickup, t h i s  advantage i s  overbalanced by 
a tendency f o r  t h e  probes t o  s h o r t  themselves a f t e r  a few 
shots ,  v i a  some degradation of t h e  i n s u l a t i o n  on t h e  ou te r  
probe support  s t r u c t u r e ,  and by t h e  p a r t i a l  obs t ruc t ion  
t h e  leading probe introduces i n t o  t h e  f l o w  over t h e  t r a i l i n g  
probe. These d i f f i c u l t i e s  are avoided by conversion t o  a 
p a r a l l e l - p l a t e  probe geometry, with t h e  added bene f i t  of a 
simpler s i g n a l  i n t e r p r e t a t i o n  for the equal electrode areas. 
As shown i n  Fig. 3,  t hese  probes cons i s t  of t w o  composite 
p a r a l l e l  p l a t e s ,  each involving t h r e e  conducting brass 
sur faces  separated by i n s u l a t i n g  areas of  epoxy. A l l  three 
p l a t e s  are maintained a t  t h e  s a m e  bias p o t e n t i a l  although 
only t h e  cen te r  conducting sur faces  are used t o  e x t r a c t  the 

s igna l ,  thereby minimizing leading edge and f ie ld- f r ing ing  
effects. The supporting s t r u c t u r e s  leave t h e  p a r a l l e l  
plates a t  r i g h t  angles  f r o m  t h e  rear of t h e  probe and com- 
bine approximately 3 c m  away t o  reduce t h e  flow obs t ruc t ion  
and induct ive pickup, The b i a s ing  and s i g n a l  leads are led 

back i n  50 ohm coax ia l  cables through a shielded g l a s s  tubing 
and out of t h e  vacuum tank  i n  Tygon tubing. The c i r c u i t r y  
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CONCENTRIC VELOCITY PROBE 

OIAGRAM OF CONCEN'TRIC VELOCITY PROBE CIRCUIT 

F I G U R E  2 
AP25 4502 
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is t h e  same as used with t h e  concent r ic  probes, wi th  t h e  
add i t ion  of t w o  capacitors which sepa ra t e ly  maintain t h e  
compensating conducting sur faces  a t  t h e  s a m e  bias poten- 
t i a l  as t h a t  of the middle s igna l  surfaces .  

Figure 4 d i sp lays  responses of p a i r s  of probes of 
both types,  a t  t h e  same p o s i t i o n  i n  a given flow. Clearly,  
t h e r e  is l i t t l e  t o  choose between them i n  t e r m s  of t h e  
cha rac t e r  of t h e  s ignature ,  and hence t h e  bulk of t h e  
s t u d i e s  t o  date have used t h e  somewhat more convenient 
pa ra l l e l -p l a t e  arrangement. 

The traces of Fig.  4 a c t u a l l y  cover near ly  t h r e e  h a l f  
cycles  of t h e  driving-current waveform, N o t e  t h a t  t h e  
f i r s t  and t h i r d  pulses ,  for  which t h e  normal c e n t r a l  cath- 
ode p o l a r i t y  of t h e  accelerator p reva i l s ,  are q u i t e  similar;  
t h e  reverse  p o l a r i t y  pulse  y i e l d s  a badly d i s t o r t e d  wave- 
f o r m .  Confining a t t e n t i o n  t o  t h e  normal pulses ,  t hese  may 
be considered t o  cons i s t  of a succession of c h a r a c t e r i s t i c  
s igna l s ,  assoc ia ted  wi th  successive phases of t h e  flow: a 
sharp leading edge and i n i t i a l  peak, associated with t h e  
passage of t h e  i n i t i a l  snowplowed plasma; a dec l in ing  phase 
r e l a t e d  t o  t h e  t r a n s i t i o n  of t h e  flow; a p la teau  ind ica t ive  
of t h e  quasi-steady region, and a f a l l  o f f  a t  pulse  rever- 
sal. Relying on shot-to-shot r ep roduc ib i l i t y  of t h e  accel- 
erator, one can r e a d i l y  p l o t  time of a r r i v a l  of various 
por t ions  of t h e  s igna ture  vs. axial  p o s i t i o n  and thereby 
extract ve loc i ty  h i s t o r i e s .  Figure 5 presents  such data 
for the i n i t i a l  s i g n a l  edge, t h e  f i r s t  peak, and the t r a i l -  
ing edge, f r o m  which te rmina l  v e l o c i t i e s  of 0.8, 0.6, and 
2.2 x 10 m / s e c ,  r espec t ive ly ,  are extracted.  Some indi-  
ca t ion  of the acce le ra t ion  p r o f i l e  can also be der ived f r o m  
these ,  p a r t i c u l a r l y  t h e  i n i t i a l  s lope  in t e rcep t  da ta ,  which 
shows ve loc i ty  growing for s o m e  5 - 10 c m  downstream of the 

4 
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anode plane,  consistent wi th  t h e  known extension of t h e  

discharge cur ren t .  76,80,75 

T h i s  comparatively high v e l o c i t y  of t h e  t r a i l i n g  
edge of t h e  plasma pulse  i s  provocative,  p a r t i c u l a r l y  
s ince  t h i s  would seem t o  bear on t h e  quasi-steady po r t ion  

of t h e  flow. Attent ion w a s  thus  focused on t h e  f ine-scale  
comparison of signals f r o m  t w o  probes displaced a x i a l l y  
3 in., wi th  r t i c u l a r  re ference  t o  s m a l l  c h a r a c t e r i s t i c  
f l uc tua t ions  i n  t h e  quasi-steady p la teau  po r t ion  of t h e  
s ignatures .  Typical  traces are shown i n  Fig, 6 with a 
schematic, annotated copy be low.  Each of t h e  l e t t e r e d  
elements can be i d e n t i f i e d  i n  each trace, and thereby a 
v i r t u a l l y  continuous record of ve loc i ty  i n  t h i s  regime i s  
ava i l ab le .  The r e s u l t  i s  again s t r i k i n g :  namely, t h e  
flow ve loc i ty  i n  t h i s  quasi-steady por t ion ,  l i k e  t h e  t r a i l -  
ing edge, is  s u b s t a n t i a l l y  higher  than t h a t  of t h e  i n i t i a l  
plasma burs t ,  s p e c i f i c a l l y  about 2.5 x l o4  m / s e c  compared 
t o  0.8 m / s e c .  
l o c i t y  p r o f i l e  along t h e  plasma pulse,  compared t o  i t s  
local densi ty .  

Figure 7 i s  an attempt t o  d i sp lay  t h e  ve- 

The r e s u l t s  of these  experiments, described i n  d e t a i l  
i n  Ref. 82, are €ar f r o m  complete, but nevertheless  provide 
convincing semi-quantitative evidence t h a t  the quasi-steady 
por t ion  of t h e  opera t ion  is h ighly  e f f e c t i v e  a t  acceler- 
a t i n g  t h e  in j ec t ed  gas f low,  even more so than t h e  classical 
snowplow i n i t i a t i o n  phase. 
quasi-steady v e l o c i t i e s  found by t h i s  technique are i n  good 
agreement with those pred ic ted  for s teady MPD operat ion a t  
t h i s  cur ren t  and m a s s  f l o w ,  g iv ing  f u r t h e r  assurance t h a t  

The numerical magnitude of the 

76 

t h e  accelerator is  funct ioning i n  t h e  proper electromagnetic 
fashion, 

Experiments are c u r r e n t l y  i n  progress t o  r e f i n e  t h i s  
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technique, including attempts t o  impose m o r e  p rec i se  
markers on the flow by an  a u x i l i a r y  upstream spark or  
o t h e r  electromagnetic method. 
viceable,  t h e  probes w i l l  be employed for a systematic  
mapping of t h e  f u l l  ve loc i ty  f i e l d s  for a v a r i e t y  of 
accelerator conditions.  

When completely ser- 

B. Electrostatic Ion Enerqy Analyzers - Sprenqel 

A second method of determining ion v e l o c i t i e s  i n  t h e  
f l o w  invokes a negat ively biased Faraday cup which repels 
a l l  e l e c t r o n s  and collects only ions.  The t o t a l  ion c u r -  
r e n t  can then be t ranscr ibed  t o  ion ve loc i ty  i f  t h e  ion 
dens i ty ,  charge number per ion, and e f f e c t i v e  c o l l e c t i o n  
area of t h e  probe are known. The ve loc i ty  d i s t r i b u t i o n  
of t h e  ions can be s tudied  with somewhat more soph i s t i ca t ed  
gridded probes A-1 which record t h e  ion f l u x  as a funct ion 
of an appl ied p o t e n t i a l  barrier. I n  e i t h e r  case it is  
c r i t i ca l  t o  maintain t h e  proper r e l a t i o n  of t h e  dimensions 
of t h e  plasma sheaths  on the various electrodes, i,e., t he  
Debye length., t o  t h e  gr id  spacing and mesh. For example, 
we i n i t i a l l y  attempted t o  achieve ion energy measurements 
with t h e  gridded probe sketched i n  Fig,  8 .  However, i n  
t h e  f l o w  regions of prime i n t e r e s t ,  t h e  ion dens i ty  turned 
out  t o  be much higher  than expected with t h e  r e s u l t  t h a t  
the gr id-col lec tor  gap became space-charge sa tu ra t ed  and 
incapable of s e l e c t i n g  t h e  proper ion f lux  over t h e  de- 
sired p o t e n t i a l  range. The probe w a s  useful ,  however, i n  
monitoring t o t a l  ion f lux ,  as discussed later. 

Another requirement for app l i ca t ion  of such probes i s  
a knowledge of plasma p o t e n t i a l  throughout t h e  f i e ld ,  which 
can be computed f r o m  measurements of f l o a t i n g  p o t e n t i a l ,  
corrected by reasonable estimates of the local e l ec t ron  
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temperature. Float ing p o t e n t i a l  p a t t e r n s  w e r e  determined 
with the  s p e c i a l  probe shown i n  Fig. 9, although i n  r e t r o -  
spect ,  t h e  case of the  ion probe could serve equal ly  w e l l  
f o r  t h i s  measurement. I n  our p a r t i c u l a r  acce le ra to r  con- 
f igu ra t ion ,  we  f ind,  unlike most discharges,  t h a t  the  
f l o a t i n g  p o t e n t i a l  i s  s u b s t a n t i a l l y  above the  cathode po- 
t e n t i a l ,  say 0 V compared t o  -180 V f o r  t h e  cathode. 
This appears t o  r e s u l t  from t h e  very la rge  sur face  a rea  of 
our anode, compared t o  t h e  cathode, and i s  r e l a t e d  t o  t he  

anode f a l l  phenomena discussed i n  Sec. 111, 

The c i r c u i t  employed with t he  ion probe is  shown i n  
Fig. 10. The g r i d  and the  case a r e  a t  f l o a t i n g  p o t e n t i a l  
which is  connected t o  ground through a lo8 ohm r e s i s t o r .  
After charging the capacitor. ,  the double switch disconnects 
the b ias ing  c i r c u i t  from t h e  measuring c i r c u i t  i n  order t o  
avoid noise pickup during the  measurement. The voltage 
drop across  the 100 ohm r e s i s t o r  due t o  the  e l ec t ron  cur- 
r en t  flowing t o  t h e  c o l l e c t o r  surface i s  recorded. T h e  

transformer serves t o  i s o l a t e  t he  probe from the  o s c i l l o -  

scope. The probe c i r c u i t  was c a l i b r a t e d  w i t h  a square wave 
generator and t e s t  c i r c u i t ,  and found t o  y i e l d  a l i n e a r  out- 
put voltage response t o  probe current.  

Tota l  ion c u r r e n t  measurements were c a r r i e d  out a t  
d i f f e r e n t  a x i a l  pos i t i ons  on t h e  center  l i n e  and 1 i n ,  o f f  
t h e  center l i n e ,  It was found t h a t  a range of b i a s  vo l t -  
ages from -20 V t o  -50 V w i t h  respect  t o  the  f l o a t i n g  po- 
t e n t i a l  was required t o  c o l l e c t  t he  e n t i r e  ion cur ren t  a t  
d i f f e r e n t  pos i t ions .  A t y p i c a l  s e r i e s  of probe responses 
fo r  d i f f e r e n t  b i a s  voltages taken 9 in .  from the anode plane 
is  shown i n  Fig. 11. The t r a c e  i n  Fig. l l a  may be i n t e r -  
preted a s  t he  c o l l e c t i o n  of the f a s t  e l e c t r o n  component 
ahead of t he  steady s t a t e  phase, W i t h  a b i a s  of -2 V w i t h  



16 

K 
0 
I- 
O 
3 
0- 

V Q  

E m  
U 

w -  

w 
0 
E 
a, 

m 

_J 

t- 
7 
w 

a - 

t- 
0 
CL 

FIGURE 9 
AP 25 .4540  



17 

0 
!- 
V 
w 
-1 
-1 
0 
0 

w 

n 

0 rn 
tn 
W 
J 

0 
I 
X 
4 
0 u 
J 
-I 

U 

m a 

a 

z 
0 

[r 
0 
I& 

I- 
3 
0 

- 

FIGURE I O  
A? 25 e4547 



18 

2 0 p s e c / D I V  2019 B 

"f 
2ov'DlV 

J P  
2.8 mA/Dlv 

2020 B 

2023 6 

COLLECTOR CU T 9" FROM 

AP25 P307 



19 

respec t  t o  t h e  f l o a t i n g  p o t e n t i a l  (Fig. l l b ) ,  t h e  e l e c t r o n  
component is  considerably reduced so t h a t  t h e  ne t  cu r ren t  
t o  t h e  c o l l e c t o r  becomes p o s i t i v e  a sho r t  t i m e  later.  A t  

-20 V bias (Fig. llc) a l l  e l e c t r o n s  are r e p e l l e d  and only 
ions are col lec ted .  Further  decrease of  t h e  bias voltage 
y i e l d s  no f u r t h e r  increase  of t h e  ne t  cu r ren t ,  Therefore, 
t h i s  s igna tu re  is  taken t o  represent  t h e  t o t a l  ion f lux.  

An i n t e r e s t i n g  aspect  of t h e  flow development i s  d i s -  
played i n  Fig. 12, where t h e  ion cur ren t  s igna ture  i s  re- 
corded over a t i m e  per iod of near ly  t h r e e  h a l f  cyc les  of 
t h e  arc c u r r e n t  waveform, Looking only a t  t h e  f i r s t  h a l f  
cycle, t h r e e  c h a r a c t e r i s t i c  po r t ions  of t he  trace can be 
dis t inguished.  F i r s t ,  t h e  leading edge is seen t o  a r r i v e  
a t  successively later t i m e s  a t  t hese  t h r e e  a x i a l  pos i t ions .  
Second, t h e  quasi-steady phase represented by t h e  f l a t  por- 
t i o n  of t h e  trace shortens and disappears  going t o  f u r t h e r  
downstream pos i t i ons .  Third, t h e  t r a i l i n g  edge moves f a s t e r  
than t h e  leading edge, "eat ing" i n t o  the slower po r t ions  of 
t h e  acce lera ted  plasma, j u s t  as observed i n  t h e  b iased  
double probe s t u d i e s  of t h e  previous sec t ion ,  Note a l s o  
t h a t  t h e  m a x i m u m  ion cur ren t  i s  l a r g e r  a t  6 in .  from the  
anode than a t  e i t h e r  t he  upstream o r  downstream pos i t ions .  
D a t a  of  t h i s  s o r t  are summarized i n  t h e  t-x graph of Fig. 13, 
The t r a j e c t o r i e s  confirm t h a t  t he  t r a i l i n g  edge and l a t e r ,  
quasi-steady po r t ion  of t h e  flow are propagating more r ap id ly  
than the  i n i t i a l  "snowplow" b u r s t  and ear ly ,  t r a n s i t i o n  flow, 
so t h a t  t h e  former a c t u a l l y  te lescope  i n t o  the latter,  
shor ten ins  the plasma sample as it proceeds downstream. 

I n  Fig, 14 are p l o t t e d  t h e  maximum ion  cur ren t ,  cor- 
r ec t ed  for t h e  t r ansmiss iv i ty  of t h e  probe gr id ,  as a 
funct ion of  a x i a l  p o s i t i o n  along t h e  cen te r  l i n e ,  and the  
corresponding ion dens i ty ,  The l a t t e r  w a s  calculated using 
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e l o c i t y  p r o f i l e  of t h e  maximum ion cur ren t  po r t ion  
of t h e  flow sample (Fig. 13) and t h e  orifice area of t h e  
probe. N o t e  t h a t  the ion dens i ty  also reaches a maximum 
about 6 in .  downstream of t h e  anode plane,  i nd ica t ive  of 

ocusing i s  also suggested by Kerr-cell photographs 
cusing e f f e c t  of t h e  e j e c t e d  plasma i n  t h i s  region. 

n i n  t h i s  s a m e  region. 

Beyond t h i s  po in t  t h e  plasma spreads aga in  with a 
corresponding reduct ion i n  ion densi ty ,  I f  one assumes 

of t h e  ions,  it is  poss ib le  t o  estimate ion temperature 
from t h e  observed axial  dens i ty  grad ien t ,  For our  data ,  

is ca l cu la t ion  y i e l d s  a r a t i o  of ion thermal ve loc i ty  

h i s  spreading is dominated by t h e  random thermal motion 

ming ve loc i ty  of about 1:8, ind ica t ive  of an ion 
temperature of about 2 eV,  

A more sophis t ica ted  gridded probe is  now being 
i c h  w i l l  expand t h e  collected flow s u f f i c i e n t l y  
proper functioning of t h e  in te r -e lec t rode  f i e lds  

y d iscr imina t ion  of t h e  ion flux. 

f i e l d  of s u f f i c i e n t  i n t e n s i t y  
can be imposed upon t h e  streaming plasma, an i n t e r i o r  
electric f i e l d  w i l l  arise f r o m  t h e  charge separa t ion  of 

nd e l e c t r o n s  oppos i te ly  de f l ec t ed  i n  t h e  magnetic 
f i e l d ,  The magnitude and d i r e c t i o n  of t h i s  induced elec- 
t r i c  f i e l d  are given by t h e  vector  r e l a t i o n  

-A 2 . a  
E = q(v x B) 

and t h e  measurable vol tage s i g n a l  thus  depends on the s i ze  
and o r i e n t a t i o n  of any sensing element, Unfortunately,  t h e  
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same e f f e c t  i c h  y i e l d s  the  des i r ed  s i g n a l  tends to 
exclude plasma from t h e  region of  magnetic f i e l d ,  by 
v i r t u e  of t h e  s m a l l  gyro r ad ius  of t h e  e l ec t rons ,  and 

f t h i s  sort  involves a d e l i c a t e  com- 
adequate signal-to-noise ra t io  and 

turbance t o  t h e  plasma stream under study. 

irst series of experiments with t h i s  concept 
have not success fu l ly  reconci led these  cons t r a in t s .  An 

unbiased double probe with 1.6 c m  e l ec t rode  separa t ion  
w a s  f ixed i n  t h e  tank on t h e  center l i n e .  A permanent 
magnet w a s  mounted on a movable platform which allowed 
t h e  appl ied  magnetic f i e l d  a t  t h e  probe t o  be var ied 
from - 5 g u s s  t o  - 1 , O O O  gauss between t h e  pole  p ieces  
by changing t h e  magnet pos i t i on ,  Oscil loscope photo- 

double probes. With low appl ied  magnetic f i e l d s ,  shot- 
to-shot v a r i a t i o n s  i n  t h e  observed probe p o t e n t i a l  w e r e  
of  t h e  order  of 50 V/m, and these  obscured any 2 x 

ed t h e  t i m e  resolved p o t e n t i a l  across t h e  

e f f e c t ,  even en the  magnetic f i e l d  d i r e c t i o n  w a s  re- 
versed f o r  comparison. With l a r g e r  magnetic f i e l d s ,  t h e  
observed peak p o t e n t i a l s  w e r e  appreciably l a r g e r  (reached 
120 V/m> b u t  f requent ly  reversed d i r e c t i o n ,  i nd ica t ing  
s t rong i n t e r a c t i o n  between t h e  plasma stream and t h e  
appl ied magnetic f i e l d s .  Further,  t h e  observed p o t e n t i a l s  
ind ica ted  plasma v e l o c i t i e s  f a r  l o w e r  than t h e  o the r  ve- 
l o c i t y  measurements, suggesting t h a t  t h e  stream w a s  not 
successfu l ly  pene t ra t ing  t h e  f i e l d  region, 

A second round of  experiments of t h i s  class are now 
underway, i n  t h e  hope of f ind ing  a probe conf igura t ion  
which i s  m o r e  adaptable  t o  t h i s  p a r t i c u l a r  plasma f l o w ,  
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111. ANODE PROCESSES I N  HIGH-CURRENT 
DISCHARGES - OBERTH 

I n  t h i s  s ec t ion  we  shall  b r i e f l y  review earlier ob- 
serva t ions  of anode phenomena, suggest c e r t a i n  in te rpre-  
t a t i o n s  of t h i s  data ,  and present  recent  r e s u l t s  which 
are cons i s t en t  with these  in t e rp re t a t ions .  

R e c a l l  our earlier observat ions of cur ren t  shee t  be- 
havior  i n  an 8-in. diameter pinch discharge f o r  various 
gas pressures  and driving-current waveforms, 75 

we observed, both photographically and e l e c t r i c a l l y ,  t h a t  
t h e  shee t  a t t aches  t o  t h e  cathode i n  a narrow well-defined 
r i n g  whereas t h e  anode attachment is  broad, d i f f u s e  and 
s o m e t i m e s  divided i n t o  t w o  or more high-current dens i ty  
regions.  Figure 15, showing Kerr-cell photographs taken 
through t h e  s idewal l  of t h e  pinch chamber, i l l u s t r a t e s  
t h i s  configurat ion,  This type of anode-cathode asymmetry 
is  t h e  basis for  our  more d e t a i l e d  s t u d i e s  of anode pro- 
cesses, 

I n  general ,  

I n  another experiment var ious por t ions  of the  anode 
and cathode sur faces  w e r e  s e l e c t i v e l y  insu la ted ,  and t h e  
r e s u l t s  f u r t h e r  emphasized and marked d i f f e rences  between 
anode and cathode mechanisms, The r e s i s t i v e  drop w a s  mea- 
sured by a voltage t a p  in se r t ed  through t h e  center  of t h e  
pinch chamber, while a 7-in. diameter c i r c u l a r  p iece  of 
mylar i n s u l a t i o n  w a s  a l t e r n a t i v e l y  at tached t o  the  anode 
and cathode surfaces, Figure 16 shows t y p i c a l  r e s u l t s  
f r o m  t h i s  experiment f o r  100 p argon ambient f i l l  and t h e  
driving-current waveform shown on t h e  oscil lograms. Figure 
16a shows t h e  voltage s igna ture  for t h e  normal all-metal 
e l ec t rode  s i t u a t i o n .  The por t ion  of  t h e  s igna ture  of 
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primary i n t e r e s t  lies between 0.5 and 3 , O  p e e ,  i.e.8 

w e l l  before t h e  a r r i v a l  of t h e  c u r r e n t  shee t  a t  t h e  
center tap. The large s i g n a l  following a t  4 psec is  
caused by magnetic flux l inkage  i n  t h e  measuring cir- 
c u i t  after t h e  c u r r e n t  shee t  c o l l a p s e s  a t  t h e  chamber 
center .  Figures  16b and 16c demonstrate t h e  d i f f e r e n t  
effects on t h e  r e s i s t i v e  arc vol tage  caused by cathode 
and anode i n  t i o n ,  respec t ive ly .  Figure 16b is in- 
t e r p r e t e d  as follows: dur ing  t h e  f i r s t  1.0 psec a f t e r  
breakdown t h e  narrow cathode attachment has not y e t  con- 
t a c t e d  t h e  i n s u l a t i o n  and, t he re fo re ,  t h e  arc vol tage 
c l o s e l y  approximates t h e  all-metal case over  t h i s  t i m e  
period. A t  1.0 psec t h e  cathode attachment reaches t h e  
i n s u l a t i o n  and i s  a r r e s t e d  there while t h e  bulk of  t h e  
cu r ren t  shee t  runs inward, bending back along t h e  insu la-  
t i o n  t o  maintain contac t  with t h e  exposed cathode. The 
l a r g e  vol tage  rise between l p s e c  and 3 psec may thus  be 
due t o  t h e  increas ing  arc length  as t h e  c u r r e n t  p a t t e r n  
moves inward, or t o  s o m e  o t h e r  d i s s i p a t i v e  e f f e c t  asso- 
ciated wi th  t h i s  d i s t o r t i o n  of  t h e  cathode attachment 
p a t t e r n .  

When t h i s  experiment i s  repeated wi th  t h e  anode, 
r a t h e r  than  cathode in su la t ed  (Fig. 16c) ,  t h e  vol tage is 
s u b s t a n t i a l l y  h igher  a t  t h e  earliest  observable t i m e ,  say 
0.5 psec, ind ica t ing  t h a t  t h e  broader anode attachment 
has  a l r eady  been d i s t o r t e d  by t h e  i n s u l a t i n g  layer .  

From t h i s  time, t h e  vol tage  cont inues t o  rise mono- 
t o n i c a l l y  as t h e  main p o r t i o n  of t h e  cu r ren t  shee t  passes  
t h e  i n s u l a t i o n  edge and propagates toward t h e  chamber 
center .  This f a i l u r e  of t h e  arc vol tage t o  a t t a i n  t h e  
"al l  m e t a l "  vol tage,  even a t  t h e  earliest t i m e s ,  i s  in- 
d i c a t i v e  of an involvement o f  a major p o r t i o n  of t h e  e n t i r e  
anode su r face  i n  t h e  e a r l y  phases of t h e  normal discharges.  
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To test t h i s  hypothesis var ious measurements w e r e  - 
made of t h e  l o c a l  p r o p e r t i e s  of  t h e  s l i g h t l y  ionized 
plasma which e x i s t s  i n  t h e  region ahead of  t h e  propa- 
ga t ing  cu r ren t  sheet .  For example, s e n s i t i v e  magnetic 
induct ion coils w e r e  i n se r t ed  t o  search f o r  poss ib l e  
central  chamber cu r ren t  d e n s i t i e s  ahead of t h e  sheet .  
These experiments proved inconclusive because of  leakage 
magnetic f i e l d s  f r o m  cu r ren t  sheet  asymmetries, and be- 
cause of an inh r e n t  i r r e p r o d u c i b i l i t y  i n  these  precursor  
cur ren t  p a t t e r n s  under study. 

A s i n g l e  t i p  electrostatic probe w a s  then  in se r t ed  
t o  map the s m a  p o t e n t i a l  throughout t he  pinch chamber. 
The probe t diameter w a s  1/32 in. and w a s  formed such 
t h a t  it could be placed very close t o  t h e  t o p  e lec t rode  
of  t h e  chamber. The measuring c i r c u i t  had a very high 
r e s i s t a n c e  forc ing  t h e  probe t i p  t o  f l o a t  a t  plasma po- 
t e n t i a l  less a s m a l l  sheath drop assoc ia ted  with the  
e l e c t r o n  temperature. 

I n  i t s  f i r s t  app l i ca t ion  t h e  probe w a s  used t o  de- 

termine t h e  p o t e n t i a l  d i s t r i b u t i o n  between t h e  pinch 
electrodes a t  a r a d i u s  of  1 in.  a t  the  time t h e  cur ren t  
sheet  reached a rad ius  of about 3 inches. This distri- 
but ion of  p o t e n t i a l  f o r  all-metal e lec t rodes ,  shown i n  
Fig. 17, shows t h a t  m o s t  of t h e  voltage drop occurs within 
1/2-in, of t he  anode, with a much smaller drop near the  
cathode. 

This r e s u l t  may relate t o  t h e  markedly d i f f e r e n t  arc 
vol tage s igna tures  obtained f o r  s u b s t a n t i a l  i n s u l a t i o n  of 
anode and cathode, discussed above. The ex is tence  of  a 
large vol tage gradien t  near the’anode i n  the region w e l l  
ahead of t h e  cu r ren t  shee t  suggests t h a t  cur ren t  conduction 
of some sort  is  occurr ing i n  t h i s  p a r t  of  t h e  chamber. The 
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on t h e  c e n t r a l  por t ions  of the  
p a r t  of the  c u r r e n t  conduction 

c may respond t o  t h i s  d i s rup t ion  

cathode conduction i s  cons i s t en t  
e. Conversely, the  ab- 

ect of cathode in su la t ion  on the  

t the  e l e c t r o s t a t i c  
o t e n t i a l s  a t  t he  same 
i n ,  diameter mylar d i s c  

l y  on the  anode and cathode. Figure 
o t ~ n t i a l  d i s t r i b u t i o n s  i n  comparison 

e. For both types of in- 
t i o n  r e t a i n s  a s imi l a r  

a t  l a rge r  anode f a l l  i n  t h e  case 
ch l a r g e r  anode f a l l  when 

e importance of t he  pre- 
r a l l  a r c  voltage,  the  anode 

u l a r  d i s c  of mylar, extending from 
inner  rad ius  of 2.65 in . ,  
i n  es tab l i shed .  Figure 19a 
onf igu ra t  ion, with t h a t  ob- 

tained w i t h  t h e  e a r l i e r  7-in. diameter i n su la t ing  d i s c  
(Fig. 19b),  t h e  voltage drops t o  about 90 V, compared 

u a l  area c e n t r a l  disc, before increasing 
the  c u r r e n t  sheet  co l lapses  a t  the  chamber 

e a r s  t h a t  t he  a v a i l a b i l i t y  of t he  
c e n t r a l  a n d  e considerably reduces the  impedance 
of t h e  t o t a l  discharge. 
higher than t h e  11-metal value, 50 V, probably because 
the  discharge is forced t o  break down along a longer, 

The value of 90 V is somewhat 
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h igher  inductance pa th  i n  t h i s  case, N o t e  also t h a t  
t h e  vol tage  maximum r e l a t e d  t o  shee t  pinch occurs  much 
earlier, ind ica t ing  t h a t  t h e  d ischarge  arose a t  a 
smaller i n i t i a l  rad ius .  

During t h e  p re sen t  r epor t ing  per iod,  t h e  anode 
phenomena s t u d i e s  have been extended t o  our  parallel- 
plate acce le ra to r ,  

by it, I n  these  experiments, t h e  d ischarge  is d r iven  
i n t o  a 100 p argon ambient f i l l  by a 120,000 A cu r ren t  
pu l se  l a s t i n g  or 20 psec. A vol tage  t a p  i s  loca ted  a t  
t h e  downstream end of t h e  machine, i n  which pos i t i on  it 
responds only  t o  r e s i s t i v e  vol tage  drop ac ross  t h e  elec- 
t rodes .  Figure 20a shows a schematic of t h e  acce le ra to r  
and measuring c i r c u i t ,  while Fig. 20b d i sp lays  t h e  dr iv ing-  
cu r ren t  waveform and a t y p i c a l  response of t h e  vol tage t a p  
for a cu r ren t  shee t  propagating along t h e  f u l l  l ength  of 
t h e  e l ec t rodes .  N o t e  t h a t  t h e  arc vol tage for t h i s  a l l -  
m e t a l  case is  v i r t u a l l y  cons tan t  a t  a value of 80 V. 

t o  determine which of  t h e  above 
ersist i n  t h i s  geometry, and which are modified 

The same measurements have been repeated wi th  varying 
po r t ions  of t h e  anode and cathode in su la t ed  by mylar. 
Typica l  osci l lograms f o r  anode i n s u l a t i o n  are shown i n  
Fig, 21. Figure 219, for 5 1/4 in.  of anode exposed, 
aga in  shows an e l eva ted  vol tage ,  170 V i n  t h i s  case, 
immediately a f t e r  breakdown followed by an  inc reas ing  s ig-  
n a l  as t h e  anode attachment encounters  t h e  i n s u l a t i o n  and 
the arc length  begins t o  increase.  Figures  2lb,c,d f o r  
increas ing  lengths  of uninsula ted  anode d i sp lay  t h e  same 
gene ra l  c h a r a c t e r i s t i c s ,  but wi th  success ive ly  lower i n i -  
t i a l  vol tages  and later onse t  of vol tage  increase .  'F igure  
22 summarizes t h e  dependence o'f vol tage  minimum on exposed 
anode length  when t h e  anode attachment reaches t h e  in su la t ed  
po r t  ion, 
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I n  o rde r  t o  correlate t h e  a r r i v a l  t i m e  of t h e  anode 
attachment a t  t h e  i n s u l a t i o n  i n t e r f a c e  wi th  t h e  beginning 
of t h e  vol tage s i g n a l  increase, a magnetic induct ion co i l  
w a s  i n se r t ed  a t  t h e  poin t  where i n s u l a t i o n  begins adja- 
cent t o  t h e  anode. The responses of such magnetic probes 
are shown i n  t h e  upper traces of Figs. 21c,d f o r  14 1/2 i n ,  
and 2 1  in. of exposed anode. Observe t h a t  t he  vol tage s ig -  
n a l  begins to rise when t h e  leading edge of  t he  "anode 
foot" contacts t h e  i n s u l a t i o n  and then  continues t o  in- 
crease u n t i l  t h e  lagging p a r t s  of  t h e  "foot" have passed. 
It is  not clear whether t h i s  vol tage increase  is  caused by 
c o n s t r i c t i o n  of t h e  previously broad and d i f f u s e  anode 
attachment a t  t h e  i n s u l a t o r  edge, o r  whether it is  r e l a t e d  
t o  t h e  onset  of quasi-steady mhd gas acce le ra t ion  i n  t h i s  
region, as discussed i n  Fkf. 67. I n  e i t h e r  case it appears 
t o  be d i s t i n c t  from t h e  precursor  conduction mechanisms 
which w e r e  responsible  f o r  t he  higher  voltagesobserved a t  
t h e  beginning of t h e  discharge.  

A s i g n i f i c a n t  departure  from t h e  pinch geometry be- 
havior is  observed when t h e  s a m e  measurements are repeated 
on t h e  cathode, With t h e  machine p o l a r i t y  reversed so 
t h a t  t h e  cathode now becomes t h e  in su la t ed  e l ec t rode  t h e  
voltage traces obtained f o r  t h e  four  d i f f e r e n t  lengths  of 
cathode i n s u l a t i o n  (Fig, 23) are unexpectedly s i m i l a r  t o  
those f o r  corresponding anode i n s u l a t i o n  (Fig. 21) . Once 
again we have t h e  e leva ted  voltage readings a t  t h e  beginning 
of t h e  discharge followed by increas ing  voltage when the  

cathode attachment m e e t s  t h e  insu la t ion .  I n  each case t h e  
i n i t i a l  vol tage is  almost t h e  same as t h a t  f o r  comparable 
anode insu la t ion ,  cont ras ted  with the  8-in. pinch da ta  
which showed a marked d i f f e rence  between anode and cathode 
insu la t ion .  This seems t o  imply t h a t  t he  downstream c u r r e n t  
conduction processes are of comparable importance a t  anode 
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and Cathode, u n l i k e  those i n  t h e  pinch discharge where 
t h e  downstream anode c u r r e n t s  appear more cr i t ical .  

The response of t h e  magnetic probe, loca ted  on t h e  
cathode sur face  a t  the  i n s u l a t i o n  i n t e r f a c e ,  are shown 
i n  Figs. 23c,d along with t h e  accompanying vol tage traces. 
These s igna tu res  show t h a t  t h e  cathode attachment t ra i l s  
t h e  leading p a r t  of t h e  "anode foot"  somewhat, and that 
it a l s o  has a s t r u c t u r e  which i s  broad and divided. Again, 
t h e  foot  a r r i v a l  t i m e s  correlate w e l l  wi th  t h e  f i r s t  ind i -  
c a t i o n s  of  voltage increase.  

The appearance of a s u b s t a n t i a l  "cathode foo t "  i n  
these  experiments i n  c o n t r a s t  t o  t h e  r e l a t i v e l y  sharp 
cathode attachment i n  t h e  pinch discharge may r e f l e c t  t he  
s u b s t a n t i a l l y  longer streamwise dimension a v a i l a b l e  f o r  
t h e  cu r ren t  sheet  t o  propagate i n  t h e  former, compared with 
t h e  4-in. radial  dimension of t h e  la t ter .  That is, t h e  I 

cathode foot  may grow more slowly than  the  anode foot ,  and 
simply not be adequately developed t o  observe i n  t h e  pinch 
experiments, One cannot a s s ign  t h e  e n t i r e  discrepancy t o  
t h i s  f a c t o r ,  however, f o r  as noted above, t h e  cathode 
attachment i n  the  p a r a l l e l - @ l a t e  geometry is w e l l  a w a r e  of 

t h e  i n s u l a t i o n  a t  t h e  earliest t i m e s ,  even when t h e  body 
of t h e  shee t  is  4 o r  5 in .  upstream of the d i scon t inu i ty ,  
whereas i n  t h e  pinch geometry, cathode in su la t ion  t o  within 
1/2 in .  of the  ou te r  w a l l  has l i t t l e  e f f e c t  on e a r l y  dis- 

charge voltage. 

Clearly,  more phenomenological experiments of  t h i s  
kind are needed f u r t h e r  to l o c a l i z e  t h e  important parameters 
a f f e c t i n g  t h e  e l ec t rode  attachment processes  before  m o r e  
soph i s t i ca t ed  experiments and a n a l y t i c a l  m o d e l s  can prof- 
i t a b l y  be pursued. Such da ta  are c u r r e n t l y  being accumulated. 
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IV. CATHODE JET STUDIES I N  A PARALLEL- 
PLATE GEOMETRY - TURCHI 

Preliminary s t u d i e s  o f  t h e  cathode jet  i n  a quasi-  
s teady  plasma a c c e l e r a t o r  descr ibed earlier7’ have been 
continued i n  g r e a t e r  d e t a i l  and with o t h e r  d i agnos t i c  
techniques,  The goa ls  of  t h e  experiments t o  be d i s -  
cussed are t o  v e r i f y  t h a t  a reasonably uniform cathode 
jet exists, t o  observe t h e  dependence of  t h e  appearance 

t h e  s t r u c t u r e  of t h e  je t  by means of i n t e r i o r  d iagnos t ics ,  
both t o  ob ta in  some ideas  as t o  t h e  magnitudes of t h e  
q u a n t i t i e s  of i n t e r e s t  and t o  eva lua te  var ious poss ib le  
d i agnos t i c  techniques,  

t on pressure  and cu r ren t  l e v e l ,  and t o  examine 

To maintain geometrical  s i m p l i c i t y  and optimize 
access t o  t h e  region of i n t e r e s t ,  t h e  experiments w e r e  
performed i n  t h e  modified p a r a l l e l - p l a t e  f a c i l i t y ,  shown 
i n  Fig, 24, The modif icat ion consists of an add i t iona l  
s e c t i o n  on t h e  cathode which allows t h e  j e t  t o  i n i t i a t e  
away from t h e  i n s u l a t o r  i n t e r f ace .  Figure 25 shows the 

arrangement of  t h e  d i agnos t i c  probes i n  t h e  discharge 
chamber. Once t h e  probes are posi t ioned with respec t  t o  
t h e  channel width, they  can be moved continuously i n  both 
t h e  t ransverse  ( v e r t i c a l )  and streamwise d i r ec t ions .  

The f i r s t  series of experiments examined the  d i s -  
charge uniformity with respec t  t o  t h e  channel width. Mag- 
ne t i c  probes w e r e  placed a t  the  cen te r  l i n e  and h a l f  way 
to t h e  channel w a l l ,  a t  t h e  s a m e  t r ansve r se  and streamwise 
pos i t ions .  The B-field records obtained a t  various stream- 
w i s e  pos i t i ons  w e r e  then compared t o  see i f  any major cur-  
r e n t  concentrat ions w e r e  present .  Such comparisons indicated 



42 

x z a m 
a 
rz: 
a 

0 

u 
8 
0 
0 
i- 
v) 
0 
4 
w 

W 
J-3 
‘d 
J W  
JO 

E X  

0 

a 0  
a+ na 

FIGURE 24 
AP 25-4319 E 



43 

DOUBLE-TIP 
ELECTRIC PROBE 

I N S UL ATOR 
n 

B -  PROBE 

7 

ECTROOES 

TOP V I E W  

DISCHA 
PLASMA 

SIDE V I E W  

PROBE POSITIONING 

FLOW 

FIGURE 25 
AP25 4556 



4 

u t  30 percent  
and t i m e  of  

rode and in- 
a f t e r  many d ischarg  Is0 ind ica ted  

s t e d  near t h e  
scharge, some 

s e n t i a l l y  uniform. 

de jet extended 
and lower pres- 

i v i t y  plasma f l o w .  Thus, 
d i f f u s i o n  of a 

nsions of t h e  jet ,  chose t o  con- 
our work a t  a cur ren t  

s su re  of 50 p a  

g n e t i c  s t r u c t u r e  of t h e  cathode j e t  w a s  
and electric 
ig .  2 5 ,  t h e  

e probes s t a t ioned  a t  

axis, i n  t h e  uniform 
n t s  of  t h e  magnetic 

ise p o s i t i o n s  but symmetri- 

f i e l d  at over a hundred po in t s  wi th in  the  discharge allowed 
t h e  magnetic f i e l d  d i s t r i b u t i o n  and, from t h i s ,  
on of t h e  cu r ren t  dens i ty  d i s t r i b u t i o n  and di-  

e, t h e  discharge and the  e l ec t rodes  may 
be considered as a one-loop, f i n i t e - l eng th  solenoid, and as 
expected, t h e  magnetic f i e l d  changes d i r e c t i o n  wi th in  t h e  
discharge pa t t e rn .  This f i n i t e  solenoid e f f e c t  is  important 
since t h e  assumption of an i n e i n i t e  solenoid would lead t o  
t h e  conclusion t h a t  negat ive cu r ren t s  or eddies  are present  
a t  t h e  downstream edge of  t h e  discharge.  
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Contours of constant  magnetic f i e l d  s t r e n g t h  are 
shown i n  Fig,  26. The dot-dashed l i n e  represents  an 
a r b i t r a r y  d e f i n i t i o n  of t h e  cathode j e t  as t h e  region 
over which cu r ren t  s t reamlines  f r o m  t h e  cathode have e/ 
downstream component. I n  t h i s  case th i s  jet  extends a 
f e w  inches downstream of t h e  cathode and is confined t o  
about a 1/2-in. t h i c k  region. N o t e  t h a t  some 70 percent  
of t h e  total  cu r ren t  t r a v e l s  downstream wi th in  t h e  
cathode jet ,  

I n  Fig. 27 we present  t h e  corresponding t ransverse  
a as a funct ion of  streamwise pos i t i on  cur ren t  dens i tya  

for a typical d i s t ance  o f f  t h e  cathode surface,  h = 1/4", 
N o t e  t h a t  cu r ren t  e n t e r s  t h e  jet r a t h e r  uniformly for a 
f e w  inches downstream of  t h e  cathode. This may be an in- 
d i c a t i o n  of a " v i r t u a l  cathode" e f f e c t .  I n  Fig. 28 t h e  
streamwise component of t h e  cur ren t  dens i ty ,  jx, i s  shown 
as a funct ion of streamwise p o s i t i o n  for  t w o  t ransverse  
pos i t ions :  h = 0 (even wi th  t h e  cathode sur face) ,  and 
h = -1/4". W e  see t h a t  t h e  streamwise cu r ren t  dens i ty  i s  
r a t h e r  uniform wi th  respec t  t o  t ransverse  p o s i t i o n  i n  t h e  
jet and decreases  wi th  d ia tance  f r o m  t h e  cathode. Figure 
29 compares t h e  streamwise and t ransverse  cu r ren t  d e n s i t i e s  
for h = 0: note  t h a t  t h e  streamwise cur ren t  component i s  
much greater than t h e  t r ansve r se  one for a f e w  inches away 
f r o m  t h e  cathode. The magnitudes of t h e  cu r ren t  d e n s i t i e s  
involved, 10 - 10 amps/m a are comparable with those ob- 
served i n  t h e  coaxial MPD arcjets. 

j Y  

6 7 2 

The t ransverse  electric f ie ld  component w a s  obtained 
during t h e  same survey using a double-floating t i p  electric 
probe. The probe t i p s  w e r e  both sphe r i ca l  wi th  diameters 
of 1 mm and w e r e  separated so t h a t  t h e  voltage d i f f e rence  
between them indica ted  t h e  electric f ie ld  i n  t h e  t ransverse  
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d i r e c t i o n ,  
ference i n  f l o a t i n g  p o t e n t i a l ,  t h e  technique must beware 
sheath drops a t  t h e  t i p s  if these  are comparable w i t h  
the measured voltage.  For an e l e c t r o n  temperature of  a 
few volts, t h i s  means t h a t  we must be concerned w i t h  
thermal g rad ien t s  whenever t h e  measured f i e l d  is on t h e  
order  of a few hundred v o l t s  p e r  meter or less. This is  
seen t o  be t h e  case i n  Fig,  30 over s u b s t a n t i a l  por t ions  
of t h e  jet .  

Since t h e  probe a c t u a l l y  measures a d i f -  

W e  may combine ou r  information on the  f i e l d  s t ruc -  

t u r e  and cu r ren t  f l o w  with a general ized Ohm's l a w  t o  
deduce some p r o p e r t i e s  of t h e  plasma flow. The problems 
and assumptions of  such a technique have been discussed 
previously56 and are complicated here  by the presence of 
t h e  i n s u l a t o r  interface. Br ie f ly ,  i f  we make t h e  broad 
assumption t h a t  t h e  e l ec t rons  are acted on only by t h e  
f i e l d s  we have measured and by c o l l i s i o n s  with ions,  we 
may obtain the  streamwise e l e c t r o n  ve loc i ty  i n  the cathode 
jet. The essential  poin t  here is  tha t ,  i f  the t ransverse  
cu r ren t  dens i ty  i n  t h e  je t  is zero, the e l ec t rons  are not 
acce le ra t ing  with respec t  t o  the  ions,  and the re fo re  the  
electric f i e l d  i n  t h e  t ransverse  d i r e c t i o n  must be bal- 
anced by t h e  Lorentz force  on the e l e c t r o n s  moving i n  the 
magnetic f i e l d ,  

The r e s u l t s  of such computations are displayed i n  
Fig. 31, Beyond about an inch from the cathode edge our 
assumption of  zero  t ransverse  cur ren t  dens i ty  becomes un- 
acceptable,  so t h e  ca l cu la t ion  is terminated. I n  the  
e a r l y  por t ion  of the cathode jet, we see t h a t  the e l ec t rons  
tend t o  accelerate downstream t o  v e l o c i t i e s  on t h e  order of 
10 meters per second. 
r e n t  conduction i n  t h i s  region is  due t o  e l ec t rons ,  t h i s  

4 I f  w e  Assume that  t h e  primary cur- 
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implies e l e c t r o n  number d e n s i t i e s  on the o rde r  of 
10l6 
v o l t s  is about t h e  r i g h t  l e v e l  i n  t e r m s  of a high pres- 
su re  pumped plasma core formed by t h e  magnetic pressure  
gradient .  

which for an e l e c t r o n  temperature of a f e w  

Further  s t u d i e s  of t h e  cathode jet region of quasi- 
s teady plasma accelerators are in progress,  including 
extension of the  above techniques and in t roduct ion  of 
o the r  methods i n t o  an experimental geometry more appro- 
p r i a t e  t o  a t h r u s t e r .  
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V. RADIATIVE PROCESSES I N  QUASI-STEADY 
DISCHARGES - BRUCI<NER 

Based on information a v a i l a b l e  on MPD arcs and 
argon-ion lasers, it appears l i k e l y  t h a t  a population 
invers ion  i n  the energy l e v e l s  of t h e  ionized argon 
emerging f r o m  an  MPD accelerator can arise due t o  t h e  
nonequilibrium hea t ing  processes e x i s t i n g  i n  t h e  d i s -  
charge. A-2'A-3'A-4;75 The implicat ion of t h i s  e f f e c t  

t o  plasma propulsion concerns t h e  assoc ia ted  frozen 
flow losses f o r  monatomic-ionic species ,  s ince  a not 
i n s i g n i f i c a n t  f r a c t i o n  of flow energy may be t i e d  up 
i n  t h e  r e l a t i v e l y  high e l e c t r o n i c  energy l e v e l s  in- 
volved. Further,  study of population inversion i n  t h e  
outflows from plasma accelerators can lead t o  better 
understanding of t h e  s t r u c t u r e  of t h e  acce le ra t ing  zone. 

W e  are cu r ren t ly  engaged i n  a s tudy of t h i s  e f f e c t  
i n  our p a r a l l e l - p l a t e  acce le ra to r  operated i n  t h e  quasi-  
s teady m o d e  wi th  p a r t i a l l y  insu la ted  electrodes.  This 
device,  described f u l l y  elsewhere, 67 while s imulat ing 
many f ea tu res  of t h e  MPD arc, has t h e  advantage of pro- 
ducing an  e s s e n t i a l l y  uniform two-dimensional flow. 
Figure 32 shows t y p i c a l  s t a b i l i z e d  enclosed cur ren t  con- 
t o u r s  16 p e c  af ter  discharge i n i t i a t i o n  f o r  a 120,000 
A x 20 psec cur ren t  pu lse  i n  100 p argon p r e f i l l  pres- 
sure.  The bulk of t h e  cur ren t  across t h e  midplane is 
conducted wi th in  t h r e e  channel he igh t s  downstream of the  
metal-to-insulation junction. Somewhere i n  t h i s  region 
occur t h e  processes which may give rise t o  inverted 
energy d i s t r i b u t i o n s  i n  t h e  first i o n i c  spec ie  of argon. 
The poss ib le  e x c i t a t i o n  mechanisms are w e l l  documented 
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i n  the l i t e r a t u r e .  A-5 to The effect, however, may 
not become observable u n t i l  f a r t h e r  downstream due t o  a 
time de lay  caused by r a d i a t i o n  t rapping  effects which 
alter the lifetime of t h e  lower energy leve ls .  Thus, 
we  have begun a systematic  probing of t h e  discharge a t  
various p o s i t i o n s  i n  and downstream of t h e  s t a b i l i z e d  
cur ren t  zone, a t  var ious i n i t i a l  p ressures  and d r i v i n g  
cur ren ts .  

This technique c o n s i s t s  of passing through the d i s -  

charge a b e a m  of r a d i a t i o n  of wavelength equal  t o  t h a t  
of t he  r a d i a t i v e  t r a n s i t i o n  between the  l e v e l s  whose in- 
vers ion is  i n  question. I f  t h e  probing r a d i a t i o n  i s  
aaplified it is evidence of an inver ted  energy d i s t r i -  

bution. I f ,  on t h e  o the r  hand, t h e  inc ident  r a d i a t i o n  
is a t tenuated  we  can surmise that a more normal energy 
d i s t r i b u t i o n  exists, poss ib ly  even one following Boltz- 
mann statistics. The quan t i ty  w e  are i n t e r e s t e d  i n  is 
t h e  f r a c t i o n a l  ampl i f ica t ion  (or a t t enua t ion )  pe r  u n i t  
length o f  plasma, commonly called the  ga in  c o e f f i c i e n t ,  

s i g n i f y  absorption. 
d .  Pos i t ive  values s i g n i f y  gain,  negative values 

A s  t h e  source of t h e  inc ident  r a d i a t i o n  w e  use an 
argon-ion laser, which radiates power i n  seve ra l  spectral 
l i nes .  For our purposes we  have chosen the l i n e  a t  
4880 A because it has t h e  h ighes t  p o t e n t i a l  gain,  typ i -  
c a l l y  4.0 x 

0 

A-9 cm-' i n  s ta t ic  laser discharges.  

Figure 33 shows a schematic diagram of t h e  apparatus. 
The TRW Model 71-A pulsed laser with pulse  w i d t h  of 40 psec 

is placed parallel t o  the accelerator and i t s  output beam 
is deflected i n t o  t h e  latter by an ad jus t ab le  first sur- 
face mirror. The g l a s s  windows, set a t  B r e w s t e r ' s  angle 
t o  minimize r e f l e c t i o n  losses i n  t h e  plane polar ized  
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ser beam, are mounted on nylon holders  which can be 

inse r t ed  i n t o  holes  d r i l l e d  i n t o  t h e  P lex ig l a s  s ide-  
w a l l s  a t  var ious pos i t ions .  One pair  of holes  i s  lo- 
cated a t  midplane between the  electrodes a t A x  = 4 in., 
i r e . ,  4 in .  downstream o f  t h e  e lec t rode- insu la tor  junc- 
tion, This loca t ion  allows probing of t h e  discharge a t  

p o i n t  about 1 in.  downstream of t h e  loca t ion  of maxi- 
cur ren t  dens i ty  for the  120,000 A pulse.  Two o the r  

s are located a t h x  = 10.5 i n .  and 
17.0 i n , ,  a lso a t  midplane. 

Upon emerging f r o m  t h e  acce le ra to r ,  t he  laser beam 
passes  through a 10% n e u t r a l  dens i ty  f i l t e r ,  an a d j u s t -  
ab l e  i r i s  diaphragm, a 4880 A, 10.7 A bandwidth i n t e r -  
ference f i l ter ,  and a p a i r  of r o t a t a b l e  p o l a r i z e r s  which 
act a s  a va r i ab le  dens i ty  f i l t e r .  The l i g h t  then passes  
through another iris diaphragm and i s  r e f l e c t e d  i n t o  t h e  
screen room via  another f ront-surface mirror. The photo- 
detector casing i s  equipped with an iris diaphragm and a 
p a i r  of crossed Plexig las  c y l i n d r i c a l  l enses  which expand 
t h e  en te r ing  beam t o  cover a s i g n i f i c a n t  area of t h e  photo- 
cathode of t h e  RCA 1P28 photomult ipl ier  tube .  The loca t ion  
of t h e  photomult ipl ier  and i t s  power supply wi th in  t h e  

screen room i s  d i c t a t e d  by t h e  severe electrical  noise 
radiated by t h i s  pa ra l l e l -p l a t e  geometry discharge.  

0 0 

Two types of experiment have been undertaken w i t h  

t h i s  o p t i c a l  arrangement: (1) monitoring spontaneous 
4880 A emission f r o m  t he  discharge,  and (2 )  measuring the 

i n t e n s i t y  changes i n f l i c t e d  on the laser beam by t h e  d is -  

charge. For t h e  spontaneous emission s t u d i e s  t he  po la r i ze r s  
are adjusted t o  maximum transparency and t h e  n e u t r a l  dens i ty  
f i l t e r  i s  removed, whereas for  t h e  gain measurements the  
f i l ters  are set for near-maximum opac i ty  and t h e  n e u t r a l  

0 
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f i l t e r  is i n  place. For t h i s  l a t t e r  arrangement t h e  
spontaneous emission i n t e n s i t y  reaching t h e  phototube 
was found t o  be undetectable.  

The spontaneous emission w a s  first monitored a t  
0 

4880 A a t A x  = 4 in.  f o r  s eve ra l  i n i t i a l  p ressures  t o  ob- 
se rve  how t h e  l i n e  r a d i a t i o n  i n t e n s i t y  develops i n  t i m e  
as t h e  propagating cu r ren t  s t a b i l i z e s ,  I n  Fig,  34 are 
shown t h e  r e s u l t s  for  50 p, 100 p, and 200 p. I n  each 
case t h e r e  is  a sharp b u r s t  of l i g h t  followed by rad i -  
a t i o n  of lower i n t e n s i t y  and slower var ia t ion .  Then t h e r e  
i s  a sudden second jump i n  i n t e n s i t y ,  occurr ing about 
30 psec a f t e r  breakdown. It is pos tu la ted  tha t  i n  each 
case t h e  first sp ike  of l i g h t  comes from t h e  i n i t i a l l y  
snowplowed plasma swept up by t h e  cur ren t  shee t  pr ior  t o  
s t a b i l i z a t i o n .  The following 15 t o  20 psec of slowly 
varying emission can be a t t r i b u t e d  t o  t h e  period of quasi-  
s teady operation. ( N o t e  t h a t  t h i s  t i m e  per iod decreases 
with increasing pressure.)  The second sharp rise i n  in- 
t e n s i t y  may be due t o  t h e  passage of a cur ren t  shee t  
c rea ted  by a secondary breakdown i n i t i a t e d  by cur ren t  re- 
v e r s a l  i n  t h e  ex te rna l  d r iv ing  c i r c u i t ,  a p o s s i b i l i t y  ye t  
t o  be v e r i f i e d  by magnetic probing, 

As expected, t h e  i n t e n s i t y  of the  spontaneous emission 
increases  with pressure.  Since t h e  photomult ipl ier  has not 
been calibrated aga ins t  a standard source, we cannot a t  
t h i s  t i m e  determine absolute  i n t e n s i t i e s  of spontaneous 
emission, which would a l l o w  ca l cu la t ion  of t h e  population 
dens i ty  of t h e  upper l e v e l  of t h e  t r a n s i t i o n .  A-9 

Gain c o e f f i c i e n t  measurements have been undertaken 
a t  t h e  same loca t ion  i n  t h e  discharge.  Figure 35 shows 
t h e  r e s u l t s  f o r  various ambient 'pressures .  The oscillo- 
grams on t h e  l e f t  are records of t h e  laser output only,  Io, 
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taken e i t h e r  before or a f t e r  each f i r i n g  of t h e  accel- 
erator. The p i c t u r e s  on t h e  r i g h t  are records of t h e  
discharge modified laser output,  I. 

Laser t r i g g e r i n g  during t h e  discharge w a s  accom- 
p l i shed  by t h e  s i g n a l  f r o m  t h e  Rogowski co i l  used t o  
monitor t h e  t o t a l  cur ren t  through t h e  discharge.  The 
approximately 7 psec delay between discharge i n i t i a t i o n  
and t h e  beginning of t h e  laser pulse  i s  a property of  t h e  
laser discharge i tself  e A-1 

N o t e  t h e  region o a t t enua t ion  shown i n  each case 
of Fig. 35. It i s  s l i g h t  f o r  t h e  50 p case, increasing 
i n  depth and dura t ion  with increasing i n i t i a l  pressure.  

N o  regions of ampl i f ica t ion  are immediately obvious. A 

comparison of these  oscil lograms with those of Fig. 34 
shows t h a t  t h e  regions of  major a t t enua t ion  of t h e  laser 
beam correspond t o  t h e  i n i t i a l  spike of l i g h t  which we  
have a t t r i b u t e d  t o  the passage of t h e  snowplowed plasma 
sheet.  The t i m e  v a r i a t i o n  of ga in  c o e f f i c i e n t  011 i s  ob- 

ta ined  by using t h e  measured Io and I values i n  t h e  re- 
la t  ion 

,- 

derived f r o m  a simple one-dimensional ana lys i s  of r a d i a t i v e  
t r a n s f e r  which neglec ts  spontaneous emission e f f e c t s .  
The r e s u l t s  of t h i s  da t a  reduction are presented i n  Figs. 
36, 37, and 38 w h e r e  t h e  gain,  C X ,  is p l o t t e d  aga ins t  t i m e  
for var ious i n i t i a l  f i l l  pressures.  The ga in  is  found t o  
be negative a t  a l l  times except for  a s l i g h t  p o s i t i v e  ex- 
curs ion  i n  t h e  50 p case, beginning about 13 psec a f t e r  
breakdown and l a s t i n g  approximately 10 psec. For a l l  t h r e e  
pressures ,  d e x h i b i t s  t h e  expected sharp negative spike 

A-13 
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assoc ia ted  with t h e  passage of t h e  snowplowed plasma sheet .  
It8 peak value is  -0.052 cm-’ for 50 p, -0.129 cm-’ for 
100 p, and -0.325 cm-’ for 200 p. Tests have also been 
carried out  a t  higher  pressures  up t o  2 mm. I n  general ,  
t h e  width and magnitude of t h e  negative sp ike  increases  
with pressure.  

The dot ted  po r t ion  of each curve i s  an ex t r apo la t ion  

For both t h e  50 p and 100 p cases t h e  snow- 
necess i t a t ed  by t h e  delay between laser t r i g g e r i n g  and 
laser output.  
plowed plasma reached t h e  laser beam loca t ion  before  t h e  
laser pulse  began. 
a r r i v a l  of t h e  plasma shee t  deduced from t h e  spontaneous 
emission data.  

The ex t rapola t ion  w a s  based on t h e  

A t  t h i s  stage i n  t h e  study, t h e  p o s i t i v e  value of 
i n  the 50 p case is  not  beyond doubt because i t s  mag- 

ni tude is wi th in  t h e  experimental  error. The error arises 
not only i n  reading t h e  oscil lograms, but a lso because the 
I and I records are not taken simultaneously. However, 
t h e  laser ampl i tude , i s  reproducible from shot-to-shot t o  
wi th in  t h e  width of t h e  osc i l loscope  trace with t h e  super- 
imposed photodetector thermal noise,  and t h e  r e s u l t  may 
w e l l  be real. The corresponding peak p o s i t i v e  value of a 
is  4.8 x low3 cm? corresponding t o  - 7 percent amplifi-  
ca t ion  through t h e  discharge which agrees with t y p i c a l  
s ta t ic  discharge data .  A-9 

t h a t  t h e  tendency f o r  CK t o  be p o s i t i v e  ( i re . ,  ex is tence  of 
population inversion) increases  with decreasing i n i t i a l  

0 

A t  t h e  least, our data ind ica t e  

pressure  a t  t h i s  loca t ion  i n  t h e  f l o w .  

The gain c o e f f i c i e n t  i s  related t o  t h e  atomic param- 
A-9,A-11 eters of t h e  discharge through t h e  following equation: 
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where N2, N1 are t h e  population number d e n s i t i e s  of 
t h e  upper and l o w e r  energy l e v e l s ,  re- 
spec t ive ly  of t h e  r a d i a t i v e  t r a n s i t i o n  

are t h e  corresponding energy l e v e l  
degeneracies 

92,  91 

is t h e  t r a n s i t i o n  p r o b a b i l i t y  for  spon- 
taneous emission from t h e  upper t o  t h e  
lower leve  1 

A21 

is  t h e  wavelength of t h e  t r a n s i t i o n  

i s  t h e  f u l l  h a l f  width of t h e  Doppler 
A 0  

At’o 

broadened l i n e  = 7 2 %  JW sec-l 

I n  a nonequilibrium state, such as during population in- 
version (a Z 0) ,  we must determine sepa ra t e ly  one of t h e  
l e v e l  populations,  i n  add i t ion  t o  i n  order  t o  calcu- 
late t h e  o t h e r  l e v e l  population. For example, t h e  value 
of N2 could be determined from absolute  l i n e  i n t e n s i t y  
measurements of t h e  spontaneous rad ia t ion .  On the o the r  
hand, i f  t h e r e  i s  local thermodynamic equi l ibr ium (LTE) , 
i n  which case o( 4 0, t h e  value of a is  d i r e c t l y  pro- 
po r t iona l  t o  t h e  lower l e v e l  number densi ty ,  N1. 

a case t h e  knowledge of 
t h e  l o w e r  l e v e l  population but  a l s o  the t o t a l  number den- 
sities of a l l  spec ies  present  i n  the discharge plasma, by 
m a n s  of t h e  Boltzmann and Saha equi l ibr ium re l a t ions .  It 
is doubtful  t h a t  LTE exists anywhere i n  t h e  discharge,  
F i r s t ,  t h e  e l e c t r o n  dens i ty  i n  t h e  cur ren t  s t a b i l i z e d  zone 
is too low for LTE8 A-138A-15 and snowplowed plasma shee t s  
have been shown t o  be i n  a nonequilibrium state. 69 
on t h e  basis of t h e  high negat ive values of encountered 

f 

I n  such 
is  enough t o  establish not only 

  ow ever, 
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i n  t h e  snowplowed plasma shee t  w e  may assume LTE as a 
first order  rough approximation, Making t h i s  assump- 
t ion,  t h e  peak number d e n s i t i e s  of var ious species i n  
t h e  plasma shee t  w e r e  ca lcu la ted  f o r  t h e  100 p case. 
An equi l ibr ium temperature of 3 e V  w a s  assumed 69neu t ra l  

n s i t y  w a s  neglected,  but  spec ies  up t o  t h e  t r i p l e  ion  
included. P a r t i t i o n  funct ion da ta  w e r e  obtained from 

fa ,  A-16 and A-17. The following numerical r e s u l t s  
w e r e  obtained: 

(1st ion l o w e r  l eve l )  11 cm-3 = 1.40 x 10 

= 6.45 x 10l6 cm1”3 (e lec t rons)  

N1 

Ne 

N+ = 2.72 x lo1’ cm-3 (1st ions)  

= 2.39 x cm-3 N++ 

= 4.71 x lo1’ cme3 
f++ 

(2nd ions) 

(3rd ions)  

These f igu res  are based on the/ maximum negative observed 
a t  100 p, and thus reflect condi t ions approxi- 

mately a t  t h e  center  of t h e  snowplowed plasma sheet  a t  
A x  =: 4 in .  and t = 9.5 psec. W e  see t h a t  under our assump- 
t i o n s  t h e  main heavy particle component is  doubly ionized 
argon. Furthermore, t h e  concentration of the t r i p l y  ionized 
spec ie  is somewhat g r e a t e r  than t h a t  of t h e  s ing ly  ionized 
one. If these  are accura te  r e f l e c t i o n s  of a c t u a l  condi t ions 
i n  t h e  shee t ,  they  s i g n i f y  t h a t  a nonnegligible f r a c t i o n  of 
discharge energy may be t i e d  up i n  producing these  higher 
order ionized species. Whether any of t h i s  energy is  re- 
covered as d i r ec t ed  motion when t h e  cur ren t  shee t  s t a b i l i z e s  
i s  not known a t  t h i s  stage. 

T h i s  snowplowed por t ion  of t h e  f l o w  is not t h e  major 
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i n t e r e s t  i n  cce le ra t ion ,  bu t  it is t h e  
n ly  region for which our  present  d a t a  j u s t i f i e s  such a 

e Once our i n t  n a i t y  r e so lu t ion  is  improved, 
hould y i e l d  t h e  e x c i t a t i o n  population 

t i o n ,  spectra of t h e  d i s -  
in. ,  i n  t h e  neighborhood 

ned t o  its 
imaged on t h e  f o c a l  plane of 

e r e s u l t s  for  these  am- 
Fig, 39. Although these  

re not t ime resolved, i n t e r e s t i n g  information may' 
e b r igh t  hydrogen B a l m e r  

i b i t s  t h e  t y p i c a l  Stark 

s long wavelength wing over- 
s m a l l  extent .  S t r i c t l y  

i c i e n t  measurements contain 
. The presence of hydrogen 
ase somewhat t h e  abso rp t iv i ty  
t i f  t h e  p o s i t i v e  excursion 
i n  a c t u a l  fact t h e  population 
d than t h e  measured value of 

e3 t h a t  t h e  maximum emission of t h e  H 

ur ing passage of t h e  snowplowed plasma sheet  
t i o n  of t h e  monochromator s l i t ,  we can esti-  

mate t h e  peak e l e c t r o n  d e n s i t y  i n  t h e  shee t  by measuring 
t h e  width of t h e  S t a r k  broadened l i n e ,  T h i s  width w a s  
found t o  be approximately 26 f. 5 8 for a l l  t h r e e  i n i t i a l  

Thus, t h e  peak value of Ne i n  t h e  discharge,  ures.  
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16 cm-3 A015 which 
i n  each case,, is  about 4.3 f, 1.0 x 10 I 

compares favorably with He = 6.45 x 10l6  
t h e  100 p case based on the measured value of C y .  

found for 

I n  the  f u t u r e  it is planned t o  perform t h e  re- 
solved measurements on t h e  H l i n e  t o  determine whether 
i ts  i n t e n s i t y  indeed reaches a maximum a t  t h e  same t i m e  
as t h e  4880 ArII l i n e ,  The magnitude of t h e  i n t e r -  
ference of t h e  H l i ne  on t h e  lat ter must be determined 
i n  order for t h e  measured values of ga in  c o e f f i c i e n t  t o  
be meaningful, More reliable values of IIY w i l l  also be- 
come a v a i l a b l e  when t h e  measurements of I and Io are made 
simultaneously. This w i l l  be done by means of a balanced 
t w o  beam o p t i c a l  method, These techniques w i l l  then be 
appl ied t o  t h e  o t h e r  l oca t ions  i n  t h e  discharge and a t  
d i f f e r e n t  i n i t i a l  conditions.  

8 

6 
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Connect ion 

4 l i n e s  i n  series, . . . . , 

VI.  A 160-~zoJoULE .PULSE-FORMING NETWORK 
FOR QUASI-STEADY PLASMA ACCELERATORS - D I  CAPUA 

The genera l  c h a r a c t e r i s t i c s  of a power supply f o r  

75 
a quasi-steady plasma accelerator were discussed i n  t h e  

Br ie f ly ,  i n  a device of previous semi-annual report. 
u se fu l  dimensions, f l o w  s t a b i l i z a t i o n  r equ i r e s  a cur ren t  
pu lse  wi th  a d u r a t i o n  of hundreds ,of microseconds while 
vigorous electromagnetic acce le ra t ion  p red ica t e s  cur ren t  
l e v e l s  i n  t h e  order  of 100 kA,. 

' 
A pulse-forming network which stores a charge of 

32 coulombs a t  10 kV is  c u r r e n t l y  under construct ion.  
c o n s i s t s  of four  LC ladder  networks 'each assembled 

f r o m  30 equal  s ec t ions  composed of 500 nH series inductors  
and 27.1 pF shunt capacitors as shown i n  Fig. 40. Each 
network, when charged t o  10 kV, w i l l  d e l i v e r  i n t o  a load, 

equal t o  t h e  c h a r a c t e r i s t i c  impedance of t h e  network, a 
37 kA cur ren t  pulse  for 200 psec, The following t a b l e  
summarizes t h e  cu r ren t  pu lses  ava i l ab le  f r o m  t h e  networks. 

T 

Current i n t o  Pulse 
accelerator length 

37 kA 880 psec 
4 l i n e s  i n  series- 

4 l i n e s  i n  parallel. . , , 

parallel  . . . (. . . . . 74 kA 
148 kA 

440 p e c  
220 psec 

To prevent a vol tage r e v e r s a l  i n  t h e  network due t o  t h e  
mismatch which exists between t h e  network impedance, ZL, 

which ranges f r o m  34 m i l l i o h m s  ta  136 m i l l i o h m s  and t h e  
accelerator impedance, ZA, which i s  of t h e  order of 6 
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FIGURE 40 
AP 25.4553 



milliohms, a resistor, R, must be connected i n  series 
between t h e  network and t h e  acce le ra to r  as shown i n  
Fig,  40. 
then the  load formed by t h e  accelerator and t h e  re- 
sistor i s  e f f e c t i v e l y  matched t o  t h e  network and no 
appreciable  voltage r e v e r s a l  should occur i n  t h e  net-  
work when it is  discharged across t h e  load. This ab- 
sence of voltage r e v e r s a l  has seve ra l  benef i t s .  F i r s t ,  
t h e  waveform i s  i d e a l  for t h e  acce le ra to r  experiments; 
second, t h e  capac i to r s  endure considerably less stress; 
f i n a l l y ,  any t r a n s i e n t s  occurring i n  t h e  network due t o  
a capac i tor  f a i l u r e  while t h e  network is charged a t  high 
voltage w i l l  be promptly d i s s ipa t ed  i n  t h e  load r e s i s t o r ,  
thereby increasing t h e  s a f e t y  of operation. 

I f  t h e  value of  t he  resistor i s  R = % -ZA 

Each of t h e  four ladder networks will be equipped 
with a: 130 milliohm e l e c t r o l y t i c  resistor A-18 which w i l l  
be connected between t h e  high-voltage lead of t h e  ne t -  
work and t h e  high-voltage t e r m i n a l  of t h e  accelerator as 
shown i n  Fig. 41. The resistor c o n s i s t s  of t w o  copper 
p r a t e s  1/32-in. th ick ,  approximately 13" x 25", with a 
separa t ion  of 2 in .  suspended i n  a polyethylene t u b  

f i l l e d  with 16 ga l lons  of e l e c t r o l y t e .  The e l e c t r o l y t e  
i s  a 0.26 molar aqueous cupr ic  sulphate  so lu t ion  with a 
r e s i s t i v i t y  of 110 ohms-cm a t  25 OC. A prototype, shown 
i n  Fig. 42, has performed adequately when t e s t e d  a t  f u l l  
voltage (10 kV) w i t h  one of t h e  smaller .capacitor banks. 
Besides i t s  s impl i c i ty  of  operat ion and s m a l l  i n i t i a l  
cost, t h i s  type of r e s i s t o r  is  p a r t i c u l a r l y  advantageous 
for t h i s  app l i ca t ion  due t o  the  enormous energy absorption 
capac i ty  of the l iqu id .  It is estimated t h a t  t h e  temper- 
a t u r e  of the  so lu t ion  w i l l  rise 0.6 C during t h e  
37 kA x 880 psec pulse.  Since t h e  s e r i e s - p a r a l l e l  con- 
nect ion of t h e  l i n e s  w i l l  involve two resistors, w h i l e  

0 



FIGURE 41 
AP25 P303 



FIGURE 42 
AP25 P 3 0 2  
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t h e  p a r a l l e l  connection w i l l  involve four,  t h e i r  temp- 
e r a t u r e  rise w i l l  be correspondingly less. 

The capac i tor  bank w i l l  be loaded with a three-  
phase, voltage-doubler power supply which is being 
b u i l t  t o  our spec i f i ca t ions  by DEL E lec t ron ic s  Inc. of 
M t .  Vernon, New Y o r k .  This power supply w i l l  automat- 
i c a l l y  load the  bank t o  10 kV i n  approximately one 
minute. The high-voltage sec t ion  w i l l  be located ad- 

jacent  t o  t h e  network, thereby avoiding any proximity 
of t h e  opera tor  t o  high-voltage elements. 

A flexible law inductance connection between the  
resistors and the  accelerator switch w i l l  be made with 
f i v e  p a r a l l e l  RG 14-A,& coax ia l  cables. 
be of t h e  gas-triggered var ie ty ,18 similar t o  t h a t  cur- 
r e n t l y  u t i l i z e d  i n  t h e  8-in. pinch machines. 

The switch w i l l  

Delivery of t h e  power supply is  expected late i n  
July,  a t  which t i m e  t h e  pulse-forming network w i l l  be 

completed and t e s t i n g  w i l l  begin. 
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APPENDIX A. 

NASA MGL 31-001-005 
PULSED ELECTROMAGNETIC GAS ACCELERATION 

Semi-annual Statement of Expenditures 

1 January 1969 - 30 June 1969 

D i r e c t  Costs 

I. S a l a r i e s  and Wages 
A, Profess iona l  
B. Students 
C. Technicians 
D, Supporting S t a f f  

11, Employee Benef i t s  (19%) 

111.' ~quipment ,  Materials, 
and Services  

IV. Travel 

Total D i r e c t  Costs 

I n d i r e c t  Costs 

V. Overhead (68% of I) 

Total C o s t s  

$14, 661 
3,603 
8,745 
6; 218 

$ 33,227 

5,629 

12,668 

22,594 

$ 75,325 


